Previous Mayak worker epidemiological studies designed to quantify the risk of cancer following exposure to airborne plutonium have calculated organ doses by dividing the organ-absorbed energy by the individual's estimated organ mass. For living workers, this was done by using a relationship between organ mass and total mass and height. For autopsy cases, this was measured directly. In the Mayak Worker Dosimetry System-2013 study, organ doses are calculated by dividing this energy by a population average organ mass. The reasons for departing from previous methodologies are described in this note. The average organ masses that were used in the final analysis are tabulated for males and females.
INTRODUCTION
Previous Mayak worker epidemiological studies designed to quantify the risk of cancer following exposure to airborne plutonium (1, 2) have calculated organ doses by dividing the organ-absorbed energy by the mass of the individual's organ. The organ masses are not measured directly, but rather indirectly from the individual's height and weight (3) . In the Mayak Worker Dosimetry System (MWDS)-2013 study, organ doses are calculated by dividing this energy by a population average organ mass. The aim of this paper is to outline the reasons why a departure from tradition was made, and to define the procedure used for calculating organ doses used in MWDS-2013.
TWO SCHOOLS OF THOUGHT
In radiation protection, effective dose is used as a measure for limiting the 'overall risk' to people exposed to radiation. It is commonly accepted that the risk to an individual organ or tissue is directly proportional to the dose received by the organ, and this assumption currently forms the basis of radiation protection. It is, however, a common mistake to jump to a similar but subtly different conclusion that it is the dose itself that is causing the cancer as opposed to the 'energy.' Thus, two schools of thought emerge: the 'Dose School' which claims that risk is directly proportional to the dose received by a tissue of organ, and the 'Energy School' which claims that risk is directly proportional to energy received.
Technically, both schools are consistent, differing only in the constant of proportionality to be applied. Adherents of the 'Dose School' are influenced by the way that the constant of proportionality is derived in practice. It is important to realize at this point that this constant of proportionality is derived for populations and not individuals. The principal way of determining the relationship between dose and risk comes from epidemiological studies such as that of the A-bomb survivors in Hiroshima and Nagasaki. First, the population is divided up into groups considered to have an equal gamma exposure. Within each group, the amount of energy absorbed by an organ is proportional to its mass, and thus the dose (= energy/mass) is constant, meaning that every organ in the body will receive the same dose. The relative cancer rate between different organs thus defines that organ's susceptibility to cancer. In other words, if the prevalence of excess cancers in organ A is twice that in organ B, then organ A is deemed to be twice as sensitive to dose as organ B. In radiation protection, organ A would be given a tissue weighting factor which is twice as large as that of organ B's.
Unlike external dosimetry, where organs can be assumed to receive the same dose, for internal dosimetry this is not the case. The process of assigning an effective dose following an internal exposure to gamma radiation would be different because the dose would not be the same for each organ, but rather determined by the biokinetic behavior of the radioactive material between body organs. If, for example, only one organ is exposed, the process would be:
• calculate total energy absorbed in organ, • divide by the organ mass to get dose, • multiply by the tissue weighting factor to get effective dose.
In practice, because the organ mass may be different (and unknown) between individuals, then the average mass is used. It is repetition of this process that can often lead to the indoctrination that it is dose that is causing the risk and not energy. However, it is important to realize that this whole process could be achieved using energy as the causative factor. One would simply have different weighting factors (w T ′ = w T /m). As can be seen below, effective dose E can be defined in two equivalent ways:
Given that the both dose school and energy school would at the end of the day derive the same value for effective dose, the actual method of derivation cannot be used to favor one school over another.
IMPLICATIONS FOR INDIVIDUAL RISK
If one considers the implications of both schools of thought to an individual, as opposed to a population, then a clear difference emerges. This follows since individuals will have different organ masses from each other. To illustrate this, consider two imaginary individuals, Mr Small (who has a particularly small liver) and Mr Large (who has a larger than average liver). If both men are exposed to the same external gamma irradiation, then according to the 'Dose school' both livers would receive the same dose, and hence both individuals would be subject to the same excess risk of cancer (other factors being equal). The 'Energy School,' however, would claim that since Mr Large's liver receives more energy, then he is more at risk than his friend.
For an internal exposure, if both Mr Large and Mr Small were to inhale say 1 Bq of plutonium, and assuming their biokinetics were the same, then the energy deposited in their livers would be the same. Adherents of the 'Energy School' would thus assign equal risk to the two individuals, but adherents of the 'Dose School' would assign a smaller risk to Mr Large because of the smaller liver dose received.
The point is, however, that although both the 'Energy School' and 'Dose School' would predict different outcomes for individual risk, there is no practical way of determining which school is correct from an epidemiological study. Such a study would have to involve the splitting of a cohort into groups with different liver sizes, then distinguishing between the excess relative risks of cancers between these groups. From a practical point of view, issues such as the epidemiological power, and the possibility of confounding factors would make such a study impractical.
METHODOLOGY ADOPTED FOR MWDS-2013
In contrast to external irradiation from gammas, the Mayak cohort consists of workers whose organs are exposed to irradiation principally by alpha particles from the decay of plutonium. It seems unlikely, that in this situation, the probability of an alpha particle causing say a liver cancer, could be affected by the mass of the organ. This would imply that the existence of other liver cells, which are over 1000 times further away than the alpha particle can actually travel, are somehow reducing the risk of cancer caused by local irradiation. This scenario definitely favors the 'Energy School' of thought, although it is acknowledged that there may be other arguments, perhaps based on the bystander effects that could be used to argue against this line of thought. A full discussion of this topic is outside of the scope of the present study.
After much discussion, the 'Energy School' of thought was adopted in MWDS-2013, but not because of the argument suggested above. The justification for this decision is described in the following section.
Thus, in MWDS-2013, the measured activity in body organs is calculated by scaling up the activity measured in an organ sample to the actual mass of the individual's organ mass. However, for the purpose of calculating dose, the predicted energy absorbed in an organ is divided by an average organ mass. These masses are different for males and females and are given in a later section.
JUSTIFICATION FOR METHODOLOGY ADOPTED
The justification for adopting the 'Energy School' philosophy was based not on the thought experiment described above, but on the following two facts:
• it does not make any difference to the results of this epidemiological study, • it was easier to implement.
The reason why it does not make any difference in an epidemiological study can be seen by examining how such studies are conducted. The slope of the dose-response is estimated by grouping together many individuals with similar doses, then looking at the increase in risk within the separate dose groups. The total collective organ dose D in any particular group would be calculated by 'Energy School' adherents as
where e i is the organ energy deposited in individual i, n is the number of individuals within the group and m is the average organ mass. The adherent of the 'Dose School' would, however, calculate each dose separately as e i /m i , where m i is the actual (measured) organ mass for individual i. Thus, some of the doses within a particular dose group (i.e. for larger than average organ mass) would be smaller, and some would be larger. However, on average, these contributions to the total dose D would cancel out (strictly speaking, it can be shown that the correct 'mean' organ mass to use to make the doses from the 'Dose School' and the 'Energy School' converge is the harmonic mean mass as opposed to the arithmetic mean mass. Since the former is always smaller than the latter, the use of the arithmetic mean may introduce a slight bias, although this is likely to be negligible in practice), as the number of people within the group increased. Thus, as far as the MWDS-2013 epidemiological study is concerned, both schools of thought would lead to the same risk estimates.
DEFAULT ORGAN MASSES USED
Reference organ masses for male and female organs are taken from those recommended in ICRP Publications (4) (5) (6) (7) and are reproduced here in Table 1 .
CONCLUSIONS
In order to calculate individual organ doses in MWDS-2013, energy is divided by an average population organ mass as opposed to dividing by the mass of the individuals organ (even when that workers organ mass has been directly measured). This represents a departure from methodology employed in previous epidemiological studies. A justification for the new approach has been presented, and the organ masses used have been tabulated. The resulting doses are thus compatible with the definition of dose recommended by ICRP and used in practical radiation protection across the world. 
